ABSTRACT: Girls with Turner syndrome (TS) are treated with supraphysiological doses of growth hormone (GH) to improve final height; however in some girls, the growth response can be poor. This may reflect aberrations in GH and/or IGF-I actions at the cellular level, and thus this study compared the response of skin fibroblasts from normal children (n ϭ 5) and girls with TS (n ϭ 8) to GH, IGF-I, or a combination, by assessing the IGF binding protein (IGFBP) profile of conditioned medium harvested over 7 d. The two cell types had a comparable IGFBP profile; IGFBP-3 and IGFBP-4 were the most abundant species. TS fibroblasts produced more IGFBP-3 (d 7, 51.4 Ϯ 45 ng/mL versus 20 Ϯ 22 ng/mL; p Ͻ 0.05) than control cells; levels of IGFBP-4 were similar (21 Ϯ 12 ng/mL versus 30 Ϯ 21 ng/mL). GH did not influence IGFBP production. IGF-I treatment did not affect IGFBP-4 levels but enhanced the production of IGFBP-3 by both cell types (p Ͻ 0.05). However, the response of TS fibroblasts to IGF-I was approximately half that observed in normal cells (p Ͻ 0.05). Altered IGF-I activity, because of reduced bioavailabilty and/or reduced sensitivity, could contribute to the need for high GH doses in TS and for the poor response to GH in some girls with TS. (Pediatr Res 70: 25-30, 2011) 
T urner syndrome (TS; complete or partial absence of an X chromosome) affects 1 in 2500 live births and is associated with pre-and postnatal growth failure (1) , so that if untreated, girls with TS are Ϸ20 cm shorter than the normal female population at adulthood (2) . Consequently, children with this condition are treated with growth hormone (GH).
There is some controversy about whether the GH/IGF axis of children with TS is normal. Some studies have shown that secretion of GH is diminished in TS (3), although the majority have found that GH levels are normal in comparison with agematched control subjects (4, 5) . Similarly, the data regarding IGF-I levels in TS are conflicting as both higher (3) and lower (6) than normal levels have been reported.
Regardless of endogenous GH/IGF levels, numerous studies have shown that treatment with GH has a beneficial effect on the height of children with TS (7); however, supraphysiological doses are required and the response to treatment is highly variable-determined, at least in part, by GH dose, and age and height at the start of therapy (8)-and although treated women are taller than untreated women, their final height is more than 2 SD scores below the mean for normal women (7) . These clinical data suggest that although there are no major aberrations in the levels of GH and/or IGF-I in children with TS, their cellular sensitivity to these hormones may be reduced. Indeed, it has been reported that IGF-I-stimulated degradation of LDL by monocytes isolated from children with TS is reduced in comparison with that of cells obtained from control subjects (9) . It is also possible that in TS, impaired IGF-I action may reflect a reduction in bioavailability because fibroblast cells from children with TS have been shown to produce more IGF binding protein (IGFBP)-3-a negative regulator of IGF function-than fibroblasts from normal children (10) . Consequently, this study aimed to characterize a functional response (IGFBP generation) to GH and IGF-I in fibroblasts isolated from children with TS.
MATERIALS AND METHODS
Cell culture. Fibroblast cells were isolated from skin biopsies obtained, with informed parental consent and approval from both the local NHS (Salford and Trafford) and the University of Manchester research ethics committees, from eight children with TS (confirmed by karyotype analysis) and five normal children in the prepubertal age range at time of biopsy. All cells were maintained in DMEM containing 10% FCS, 2 mM glutamine, 50 IU penicillin, 50 IU streptomycin, and 2.5 g/mL amphotericin B at 37°C, 5% CO 2 .
Characterization of IGFBP production. Normal and Turner fibroblast cells were seeded at 1 ϫ 10 4 cells/well in DMEM containing 1% FCS and either GH (200 ng/mL; based on dose-response experiments performed in our previous studies of human fibroblast proliferation) (11), IGF-I (100 ng/mL), GH and IGF-I, or no additional supplement. The cells were cultured for 7 d with the further addition of hormones [GH (200 ng/mL), IGF-I (100 ng/mL), or GH and IGF-I on d 2, 4, and 6; conditioned medium (CM) was harvested on d 1, 3, 5, and 7. Each treatment and time-point was analyzed in triplicate in two independent experiments on each cell line.
Western ligand blotting. The protein content of each sample of CM was determined, and then aliquots containing 100 g protein were subjected to trichloroacetic acid precipitation. The resulting protein pellet was resuspended in SDS loading buffer (without ␤-mercaptoethanol) and boiled for 5 min. The protein in each sample was then resolved by SDS PAGE, transferred to nitrocellulose, and probed with 125 I-IGF-I (12) . Densitometric analysis of the scanned autoradiographs was performed using Image J software (http:// rsbweb.nih.gov/ij/).
Western immunoblotting. Samples were electophoresed and blotted as described above and then probed overnight at 4°C with an anti-IGFBP-3 polyclonal antibody (1:1000 dilution; Upstate, Milton Keynes, United Kingdom) followed by an anti-rabbit IgG antibody linked to horseradish peroxi-dase (1:5000 dilution; Amersham Life Sciences, Buckinghamshire, United Kingdom) for 1 h at room temperature. Proteins were detected by enhanced chemiluminescence (Amersham Life Sciences).
IGFBP-3 immunoassay. The concentration of IGFBP-3 present in each sample of CM was determined using the Immulite (Siemens Healthcare, Surrey, United Kingdom) assay, which has an inter-and intra-assay coefficient of variation (CV) of Ͻ5.6% and Ͻ10%, respectively.
IGFBP-4 immunoassay. The samples of CM were analyzed for IGFBP-4 by using the ELISA developed by DSL (Texas), which has an inter-and intra-assay CV of Ͻ5%.
Characterization of GH-stimulated activation of JAK-2. Normal and Turner fibroblast cells were serum starved for 24 h and then incubated in the absence or presence of GH (200 ng/mL) for 0, 2, 5, 15, 30, or 60 min. Cell lysates were prepared using RIPA buffer and after protein quantification, 30 g of protein from each sample was diluted in SDS loading buffer containing ␤-mercaptoethanol, electrophoresed and then electroblotted onto nitrocellulose membranes. Activation of GH signaling pathways was assessed by probing with an antibody that specifically recognizes the phosphorylated isoform of JAK-2 (1:500; Cell Signaling Technology). Immune complexes were detected using an HRP-anti-rabbit-IgG antibody followed by enhanced chemiluminescence. An antibody that recognizes all isoforms of JAK-2 (anti-JAK-2, 1:500, Upstate) was used to control for protein loading of the gels.
Statistical analysis. The level of IGFBP-3 and IGFBP-4 present in media conditioned by fibroblasts, isolated from normal children or children with TS, and cultured with and without hormones for 7 d was log10 transformed and analyzed by a three-way (cell type, time, and treatment) independent ANOVA with Bonferroni post hoc testing, and then, the data obtained from each time-point/hormone combination were analyzed by a one-way analysis of covariance (ANCOVA) to control for the difference in basal hormone production by the two cell types. The reported results include the F-ratio (the ratio of systematic variance to unsystematic variance), the degrees of freedom from which it was calculated, and the significance value.
The fold-change (versus control) in IGFBP-3 levels induced by treatment of normal versus Turner fibroblasts for 7 d with GH, IGF-I, or both hormones was analyzed by Mann-Whitney U test. Results were considered significant when p Ͻ0.05 (IGFBP-3) or p Ͻ0.01 (IGFBP-4) as determined by Levene's test of equality of error variances. Untransformed data are presented graphically as mean Ϯ SEM.
RESULTS
Fibroblasts from children with TS produce a similar IGFBP profile to cells from normal children. Ligand blot analysis of conditioned media obtained from normal and Turner fibroblast cells maintained in culture under basal conditions for 7 d revealed that the two cell types produce a similar profile of IGFBPs. Bands were evident at 45, 34, 30, and 24 kD (Fig. 1A) and comparison of these proteins with the migratory pattern of recombinant human IGFBP-3 and the IGFBPs within human serum, which were included in the analysis as positive controls, suggests that both normal and Turner fibroblast cells produce IGFBPs 3, 2, 5, and 4 ( Fig. 1A) . IGFBP production by the individual cell lines within both the normal and Turner cell cohorts varied. However, densitometric analysis of all ligand blots suggested that both cell types predominantly produce IGFBP-3 although normal fibroblasts also produce an abundance of IGFBP-4 (Fig. 1B) ; consequently, these binding proteins were selected for further analysis.
Fibroblasts from children with TS produce more IGFBP-3 but similar levels of IGFBP-4 in comparison with cells from normal children. The generation of these IGFBPs, by both normal and Turner fibroblast cells, seemed to increase over the 7 d in culture (Fig. 1A and B) , which was confirmed by measuring the concentration of these binding proteins using specific immunoassays ( Fig. 2 and Table 1 ; IGFBP-3: p Ͻ 0.05; IGFBP-4: p Ͻ 0.01). Analysis of the IGFBP-3 levels present in CM also revealed that in comparison with fibroblasts obtained from normal children, cells from children with TS produce significantly more IGFBP-3 under basal conditions (p Ͻ 0.05). IGFBP-3 is subject to proteolytic cleavage and a study of circulating IGFBP-3 found this process to be enhanced in women with TS (13) . We therefore used Western immunoblotting to investigate whether the IGFBP-3 present in CM of normal and Turner fibroblasts was also fragmented. However, as shown in Fig. 2C , we were able to detect only intact IGFBP-3. The level of IGFBP-4 in the medium conditioned by fibroblasts from normal and TS subjects was similar (p ϭ nonsignificant).
Fibroblasts from both normal children and children with Tuner syndrome produce IGFBP-3 in response to IGF-I but not GH. We next investigated whether GH and/or IGF-I treatment alters the IGFBP profile generated by normal and Turner fibroblast cells. Western ligand blot analysis of media harvested from cells treated with GH, IGF-I, or a combination of the two hormones demonstrated that the pattern of IGFBPs produced by the two cell types was not affected by hormone treatment as IGFBP-3 and IGFBP-4 were still the most abundant IGFBPs present (data not shown). Analysis of the conditioned media by specific immunoassay revealed that only the generation of IGFBP-3 was influenced by hormone treatment (p Ͻ 0.05; Fig. 3 and Table 1 ) because the level of IGFBP-4 present in media harvested from hormone-treated cells was similar to that measured in media from cells maintained under basal conditions (p ϭ nonsignificant; Fig. 3 ). IGFBP-3 production was only enhanced by stimulation with IGF-I (Fig. 3) . The Bonferroni post hoc test revealed that the level of IGFBP-3 produced by cells treated with GH was no different to that secreted by control cells, whereas there was a 2-to 4-fold increase (depending on day) in the level of IGFBP-3 present in media conditioned by cells treated with either IGF-I or a combination of GH and IGF-I (p Ͻ 0.05).
The response of cells from children with TS to treatment with either IGF-I or GH plus IGF was compared with that of control cells after controlling for the difference in the basal level of IGFBP-3 produced by the two cell types. Interestingly, this analysis revealed that the Turner fibroblasts did not respond as well as control cells to stimulation with a combination of GH and IGF-I (p Ͻ 0.05) as even after 7 d in culture, there was only a 2-fold increase in the level of IGFBP-3 detected in CM, whereas IGFBP-3 levels had increased 4-fold in media conditioned by control cells (Fig. 4 ; p Ͻ 0.05). A similar trend was observed when cells were treated with only IGF-I. Indeed, the level of IGFBP-3 produced in response to incubation of cells with GH and IGF-I was no different to that generated by cells treated with only IGF-I, which suggests that the increase in IGFBP-3 levels observed after dual hormone treatment was primarily because of the actions of IGF-I. However, to ensure that the GH preparation used for these studies was bioactive, we used Western blotting to assess the phosphorylation status of JAK-2, the signaling molecule immediately downstream of the GH receptor. Figure 5 demonstrates that although there may be subtle differences in the tempo of activation, GH does stimulate phosphorylation of JAK-2 in both types of fibroblast, which suggests that these cells are capable of responding to GH. None of the hormone treatments resulted in the detection of IGFBP-3 fragments (data not shown).
DISCUSSION
Girls with TS are treated with GH to alleviate the short stature associated with this condition; however, the clinical benefit, at least in terms of growth promotion, can be disappointing despite the use of supraphysiological doses. These clinical observations along with ex vivo studies of cells isolated from affected girls (9,10) have led to the hypothesis that although there are no major abnormalities in the GH/IGF axis of children with TS, cellular sensitivity to one or both of these hormones is decreased.
The importance of autocrine/paracrine IGF-I levels for growth was highlighted by the generation of mice with a liver-specific deletion of the igf1 gene (14) , which have normal postnatal growth despite a 75% reduction in circulating IGF-I levels. Therefore, this study sought to investigate, by assessing IGFBP generation as a marker of function, whether TS cells display an altered cellular response to GH and IGF-I.
Western ligand blotting of media conditioned by fibroblasts isolated from normal children and girls with TS revealed that both cell types produce IGFBP-3, -2, -4, and -5, which supports the findings of a study analyzing IGFBP mRNA expression in human skin (15) and also the IGFBP profile of cell lines derived from adult human fibroblasts (16) which were found, like the fibroblasts used in this study, to predominantly produce IGFBP-3 and IGFBP-4. The level of IGFBP-3 and IGFBP-4 present in media conditioned by fibroblasts, isolated from normal children or children with TS, cultured with and without hormones for 7 d was log10 transformed and analyzed by a three-way independent ANOVA. Cell refers to normal or Turner fibroblasts; time refers to the length of culture-d 3, 5, or 7; treatment refers to the treatment conditions-control, GH (200 ng/mL), IGF-I (100 ng/mL), or both GH and IGF-I. ϫ determines whether there is an interaction effect between two or more of the variables (e.g. cell ϫ treatment determines whether treatment has a different effect in normal vs TS fibroblasts). Results were considered significant when p Ͻ 0.05 (IGFBP-3) or p Ͻ 0.01 (IGFBP-4) as determined by Levene's test of equality of error variances.
F, F ratio; df, degrees of freedom; Sig, significance.
There was marked variation in the level of IGFBP-3 and BP-4 produced by both cohorts of cells; nonetheless it was apparent that the basal production of IGFBP-3 by TS fibroblasts was significantly higher than that of normal fibroblasts, which supports previous findings (10) . We investigated whether this increase in IGFBP-3 levels was countered by a change in the proteolysis of the binding protein because a study of IGFBP-3 present in the serum of adult females demonstrated increased fragmentation in TS (13). However, there was no evidence to suggest that the IGFBP-3 present within the CM of either normal or Turner fibroblast cells had undergone proteolysis. Interestingly, cells from children with another growth disorder, idiopathic short stature (ISS), also have enhanced IGFBP-3 production in comparison with control cells (17) . The level of IGFBP-3 present in the circulation is well known to be regulated by GH (16, 18) and a study of normal and Turner fibroblasts reported a stimulatory, albeit nonsignificant, affect of GH on IGFBP-3 production by control cells (10) . In our study, only treatment of cells with IGF-I affected the level of IGFBP-3 present in the culture media. The response of cells treated with both GH and IGF-I was similar to that of cells treated with IGF-I alone suggesting that GH does not regulate IGFBP-3 production by these fibroblasts.
We excluded the possibility that this finding was due to an inactive preparation of GH used for the studies by monitoring the ability of GH to phosphorylate the signaling molecule JAK-2; the GH receptor lacks intrinsic kinase activity and depends on the recruitment of JAK-2 for phosphorylation of the GH/GHR complex and subsequent activation of downstream signaling pathways (19) . Consequently, GH is unable to activate JAK-2 in skin fibroblasts derived from individuals with Laron syndrome (20, 21) . JAK-2 was present and basally active in both cell types, supporting previous observations in normal fibroblasts (20) . GH stimulated the phosphorylation of JAK2 in both normal and TS cells, thereby confirming GH bioactivity; however, in the latter, active JAK-2 was still present 60 min after treatment, which suggests that the tempo of JAK-2 activation might differ between the two cell types. Recent studies have identified defects within the GH/IGF signaling cascades in individuals with growth disorders; mutations in STAT-5b result in GH insensitivity and reduced growth (22) and short stature is also associated with mutations in the gene coding for the type 1 IGF receptor (23) . These are severe genetic abnormalities that result in extreme phenotypes but such observations do support the hypothesis that less severe signaling defects may be associated with growth restriction in conditions such as TS.
Our data demonstrating that IGFBP-3 production is regulated by IGF-I is consistent with the findings of other in vitro (24, 25) and in vivo (26, 27 ) studies, and IGF-I has also been shown to stimulate IGFBP-3 in fibroblast cells isolated from individuals with ISS (17) . In our study, IGF-I seemed to be more effective in normal fibroblasts because the level of IGFBP-3 produced by Turner fibroblasts, particularly when treated in combination with GH was significantly less than that produced by control cells. These findings are in contrast to the effect of fibroblasts from children with ISS, where IGF-I was hyperstimulatory (17) and suggest that in TS, the activity of autocrine/paracrine IGF is compromised. The reduced sensitivity to local IGF-I may, in part, be explained by a decrease in IGF-I bioavailability because of the increased basal IGFBP-3 production by these cells; however, our data suggest that TS cells must have a second abnormality, for example dysfunction in the signaling pathways evoked by IGF-I, because ANCOVA demonstrated that in comparison with control cells, the TS cell response to IGF-I was attenuated even after their excess IGFBP-3 production had been taken into account. Our findings support the concept of end-organ resistance to IGF-I and perhaps explain the necessity for treating girls with TS with supraphysiological doses of GH. Interestingly, in a study of children born small-for-GA, IGFBP-3 levels at age 2-3 y were negatively related to adult height, and GH efficacy was reduced in the presence of high IGFBP-3 levels (28).
The basal production of IGFBP-4 by TS fibroblasts was similar to that of cells obtained from normal children, and the level of IGFBP-4 present in conditioned media was not affected by hormone stimulation in either cell type. Other studies have shown that IGF-I does not influence IGFBP-4 mRNA expression (29) ; however, there are data to suggest that IGF-I might reduce the presence of IGFBP-4 in dermal fibroblast-conditioned media (16, 25) by stimulating the proteolysis of this binding protein. In our study, there was no evidence of IGFBP-4 proteolysis from Western ligand blot analysis of the conditioned media obtained from cells treated with GH and/or IGF-I. However, IGFBP-3 is thought to inhibit IGF-induced proteolysis of IGFBP-4 in a manner dependent on the relative proportions of IGFBPs and the level of IGF (25); as IGF-I stimulated IGFBP-3 production by the cells used in this study, this may explain why we did not observe any IGFBP-4 proteolysis.
In summary, our data demonstrate that fibroblasts isolated from children with TS produce a similar IGFBP profile to cells from normal children, but seem to have impaired responsiveness to treatment with IGF-I. This suggests that altered autocrine/paracrine IGF bioavailability may contribute to the need for high-dose GH treatment and to the relatively poor clinical response to GH of some girls with TS. Figure 5 . GH stimulates the phosphorylation of JAK-2 in fibroblast cells from both normal and Turner fibroblasts. Fibroblasts obtained from normal children (A) and children with TS (B) were serum starved for 24 h and then stimulated with GH for 0 -60 min. Lysates were analyzed by Western blotting using antibodies that specifically recognize the phosphorylated or total isoforms of JAK-2. Lysates from 3T3-F442A fibroblasts incubated in the absence or presence of GH were included as positive controls.
